In the optimized design of power converters, loss analysis of power devices is important. Compared with estimation methods, measuring the power device loss directly in the circuit under test is more accurate. The loss measurement method can be divided into two categories: electrical measurement and calorimetric measurement. The accuracy of the electrical measurement result is restricted to the accuracy of the measurement equipment and parasitic parameters, especially for fast switching devices like SiC devices. The results obtained from calorimetric measurement are more convincing. Based on the measurement principle, calorimetric measurement can be divided into four categories: flow density measurement, temperature equivalent measurement, double jacket measurement, and temperature sensor measurement. This paper proposes an optimized temperature sensor measurement method, which has shorter time consumption, a simpler setup, and lower cost. The principles of the optimized method are described and compared with the traditional ways in detail to show its advantages. The loss measurement and error analysis are carried out in a three-level ANPC (active neutral-point-clamped) topology experiment platform based on the SiC&Si hybrid module to prove the accuracy and practicability of this method.
Introduction
Power device loss analysis is an important part of the optimized design of power converters. A general and convenient method is to extract the on-state and switching characteristics from the datasheet provided by the supplier and then estimate the total power device loss through an analytical formula and modeling [1, 2] . However, switching loss data are not always available in datasheets. Even if the data are given, the test conditions are inconsistent with the actual circuit operating conditions. Therefore, the error obtained by this estimation method can be very large.
Compared to the analytical results, the power loss measured from the actual operating circuit under test is more convincing. Loss measurement methods can be divided into two categories: electrical measurement and calorimetric measurement. A common electrical measurement method is named the double pulse test [3] : giving the device under test (DUT) a pulse signal and measuring the voltage and current curve during turn-on and turn-off process, integrating them to obtain switching loss. This method requires the insertion of probes for measuring voltage and current in the circuit. The insertion of these probes introduces unnecessary parasitic parameters, which can affect the switching curves of the power devices (especially in the case of high-frequency switches), causing distortion of the measured voltage and current curves. Because the switching process time is very short, this test requires high bandwidth for the measuring equipment. Another commonly-used electrical method in engineering is to measure directly the input and output power of the circuit; the loss of the circuit paper by establishing a thermal-circuit model of the universally-applicable power device heat dissipation structure. The advantages and disadvantages of these methods are summarized.
Thermal-Circuit Model and Principle Analysis
In engineering applications, power devices are generally cooled by air-cooled heat sinks. A layer of silicone grease is applied between the bottom of the DUT and heat sink to ensure good thermal contact. In this heat dissipation structure, the DUT is like a heat source, and the heat flux mainly has three conduction paths, as shown in Figure 1a: (1) diffusion into the air through the PCB; (2) diffusion into the air through the outer casing of the DUT; (3) diffusion into the air through the heat sink. The thermal model was established as shown in Figure 1b . In Path (1) , the connection between PCB and power device does not fit closely, and there is air thermal resistance in the gap between them. Due to the small thermal conductivity of the air, the air thermal resistance is very large. Thus, there is very little heat flowing through Path (1) and Path (2) . In Path (3), the heat sink provides a low thermal resistivity path for the heat produced by DUT. Therefore, Path (3) will flow through most of the heat. There are usually two strategies to model the thermal behavior of a power electronic module: distributed parameter approach and lumped parameters approach [27] . The Foster-type network topology is one of the lumped parameters approach, which has nothing to do with the actual physical layer and material. The number of thermal resistances and impedances in the Foster model can be determined according to the number of measurement points, and their values are determined by actual measurement. In order to find out the relationship between the power dissipation of DUT and the temperature change, we set three temperature measurement points ( 1 T , 2 T , and 3 T ) on Path (3). There are usually two strategies to model the thermal behavior of a power electronic module: distributed parameter approach and lumped parameters approach [27] . The Foster-type network topology is one of the lumped parameters approach, which has nothing to do with the actual physical layer and material. The number of thermal resistances and impedances in the Foster model can be determined according to the number of measurement points, and their values are determined by actual measurement. In order to find out the relationship between the power dissipation of DUT and the temperature change, we set three temperature measurement points (T 1 , T 2 , and T 3 ) on Path (3). T 1 , T 2 , and T 3 respectively correspond to: a point on the contact surface of DUT and the heat sink, a point inside the heat sink, and a point on the bottom of the heat sink. The simplified Foster network thermal-circuit model is shown in Figure 1c , where V T1 , V T2 , and V T3 respectively correspond to the voltage values of T 1 , T 2 , and T 3 . In the Foster network thermal-circuit model, P th represents the power dissipated form DUT, corresponding to the current in the model; T A represents the ambient temperature, corresponding to the constant voltage source in the model; R th1~Rth3 and C th1~Cth3 respectively represent thermal resistance and capacitance between T 1 and T 2 , T 2 and T 3 , and T 3 and T A , corresponding to the resistance and capacitance in the model. V T1 , V T2 , and V T3 can be expressed as:
where Z thi (i = 1, 2, 3) denotes the transient thermal impedances, which are RC low-pass circuits constructed by thermal resistance R thi (i = 1, 2, 3) and thermal capacitance C thi (i = 1, 2, 3) of the corresponding part. Z thi (i = 1, 2, 3) can be expressed as:
The time constant τ thi (i = 1, 2, 3) is similar to that defined in electrical engineering. The transient process time of Z thi (i = 1, 2, 3) is 0 ∼ 5τ thi (i = 1, 2, 3), which represents the time reaching the final value of 0~99.3%. When the time exceeds 5τ thi or the value reaches 99.3%, it is regarded as the steady state (thermal balance) conditions, that is equal to the final value. The steady state values are P th · (R th1 + R th2 + R th3 ), P th · (R th2 + R th3 ), and P th · R th3 respectively. As for a fixed power device with heat sink, the value of the thermal impedance of each part is also fixed. Then, there are one-to-one correspondences between the steady state value of V T1 , V T2 , V T3 , and P th . The relationship between the steady state value of V T1 , V T2 , V T3 , and P th can be plotted through a calibration experiment. Then, in the actual circuit loss measurement experiment, the power loss can be obtained through temperature measuring.
Traditional Temperature Sensor Measurement Methods
According to the difference between the temperature measurement point positions and the temperature data processing methods, the traditional measurement methods based on the temperature sensor can be divided into two categories. One is to achieve the relationship between the steady state temperature and the power dissipated by DUT. We call this method steady state temperature measurement. As in [17] , by measuring the steady state temperature of the intersection of the heat sink and DUT (referred to as T 1 in Figure 1 ), the loss of the DUT can be achieved indirectly. The steady state temperature can also be measured at T 2 and T 3 . In addition to the temperature measurement points on the main heat-dissipation path mentioned above, some temperature sensors are set at other locations. In [19] , the steady state temperature point was on the heat dissipation path through the PCB (Path (1) shown in Figure 1 ). Since most of the heat flow of DUT does not pass through this point, when the measured power is low, the temperature change is small. Then, the temperature measurement result error at this point is large. In [23] [24] [25] [26] , a heat flow sensor consisting of two thermocouples and a substrate was inserted at the intersection of the heat sink and DUT, and the power loss was obtained indirectly by the temperature difference between the heat flow sensor when the power device with heat sink reaching thermal balance with the environment. For the methods mentioned above, it cost a long time for the temperature to be measured as reaching the steady state value; because the steady state value can only be obtained at the thermal balance between DUT with the heatsink and environment. For example, it took more than one hour to reach the steady state in [17] . The long time consumption limits the wide application in engineering.
However, it was found that when the time to reach the steady state is long, the initial phase of the curve can be approximated as monotonous change. The slope of the monotonic curve is constant, and the amount of change in temperature is the same in the same period. We call this method instantaneous temperature measurement. The methods in [15, 18] were to measure the amount of temperature change over a fixed small period of time in the initial phase of V T1 and plot the relationship with the given power. The method in [16] was to obtain the relationship between the slope of this approximate monotonic curve and given power. The method in [20, 21] was to measure the amount of temperature change in a small period of time in the initial stage of V T2 . Compared with steady state temperature measurement, this instantaneous temperature measurement has a relatively short test time. However, since this curve is not actually monotonously changed, in order to obtain an accurate temperature change, the measurement time control is stringent. Moreover, due to the low temperature change of the initial stage of temperature curves, if the accuracy of the temperature measuring device is not high enough, the measurement result may fluctuate, affecting the data processing result. In addition to the above two methods, the work in [22] inserted a semiconductor refrigerating sheet between the heat sink and DUT to measure the heat flux and used the Seebeck and Peltier effect formula to obtain the dissipated power. However, this formula calculation involves the estimation of various parameters, which is complicated and has large errors.
Optimized Measurement Method: Steady State Temperature Difference Measurement
In the most ideal method, the temperature to be tested can reach the steady state value quickly, and the measurement device used should be simple. By analyzing Equation (1), we find that if they are subtracted from each other, the resulting temperature differences have a smaller steady state value and shorter transition process time. The resulting temperature difference can be expressed as: Figure 2 shows the schematic diagram of the V T1 , V T2 , V T3 , and V T1 − V T3 change with time, where V T1 , V T2 , V T3 are changed from ambient temperature V TA and V T1 − V T3 is changed from 0. The temperature measured points of the steady state temperature measurement method and instantaneous temperature measurement method are also noted in Figure 2 . It can be seen that V T1 − V T3 reaching the steady state value consumed much shorter time. Therefore, we can indirectly measure power loss by obtaining the steady state temperature difference between the top and bottom of the heat sink. In fact, the principle of measuring the temperature difference between a certain point inside the heat sink and the upper or lower sides is the same. Here, the upper and lower surfaces of the heat sink are selected for the convenience of the arrangement of thermocouples. We call this optimized method the steady state temperature difference measurement method. The steady state temperature difference measurement does not need to wait for thermal balance between DUT with the heat sink and environment. The temperature difference to be measured can reach the steady state very quickly. Therefore, this optimized measurement method is fast and stable. The comparison of this method with traditional loss measurement methods is shown in Table 1 . with steady state temperature measurement, this instantaneous temperature measurement has a relatively short test time. However, since this curve is not actually monotonously changed, in order to obtain an accurate temperature change, the measurement time control is stringent. Moreover, due to the low temperature change of the initial stage of temperature curves, if the accuracy of the temperature measuring device is not high enough, the measurement result may fluctuate, affecting the data processing result. In addition to the above two methods, the work in [22] inserted a semiconductor refrigerating sheet between the heat sink and DUT to measure the heat flux and used the Seebeck and Peltier effect formula to obtain the dissipated power. However, this formula calculation involves the estimation of various parameters, which is complicated and has large errors.
In the most ideal method, the temperature to be tested can reach the steady state value quickly, and the measurement device used should be simple. By analyzing Equation (1), we find that if they are subtracted from each other, the resulting temperature differences have a smaller steady state value and shorter transition process time. The resulting temperature difference can be expressed as: V V − reaching the steady state value consumed much shorter time. Therefore, we can indirectly measure power loss by obtaining the steady state temperature difference between the top and bottom of the heat sink. In fact, the principle of measuring the temperature difference between a certain point inside the heat sink and the upper or lower sides is the same. Here, the upper and lower surfaces of the heat sink are selected for the convenience of the arrangement of thermocouples. We call this optimized method the steady state temperature difference measurement method. The steady state temperature difference measurement does not need to wait for thermal balance between DUT with the heat sink and environment. The temperature difference to be measured can reach the steady state very quickly. Therefore, this optimized measurement method is fast and stable. The comparison of this method with traditional loss measurement methods is shown in Table 1 . [15, 16, 18, 20, 21] The Foster model of Figure 1c was parameterized in Section 4.2 through actual measurement data. Through simulation, the speedup of the optimized method can be quantified, as shown in Figure 3 . It can be seen that in the optimized method, only 240 s were needed to reach the steady state, while the traditional steady state measurement required 1750-2100 s. [15, 16, 18, 20, 21] The Foster model of Figure 1c was parameterized in Section 4.2 through actual measurement data. Through simulation, the speedup of the optimized method can be quantified, as shown in Figure 3 . It can be seen that in the optimized method, only 240 s were needed to reach the steady state, while the traditional steady state measurement required 1750-2100 s. 
Loss Measurement Device and Experimental Steps
In this section, the available DUT of the proposed method is first explained, and then, the settings of DUT and its heat sink in this experiment are explained. This loss measurement includes two parts: calibration experiments and main experiments. The measurement principle and procedure are described.
Loss Measurement Device
The commonly-used power devices are discrete devices and power modules, shown in Figure  4a ,b. Figure 4c is a power electronic device structure including a DCB (direct copper bonding) substrate. In low-power applications, when the blocking voltage is between 600 V and 1200 V, discrete devices in the TO247 package, power modules, and IPMs (intelligent power modules) are commonly used. IPM refers to power semiconductor modules that integrate electronic circuits that provide additional functions such as drive circuitry and signal processing. For medium-power applications, standard modules dominate. However, in high-power applications, high-reliability IPM modules are more widely used. This loss measurement method is applicable to any discrete device and power module, either individually or collectively. Select the appropriate heat sink according to the size and power level of DUT, and perform calibration experiments, then the power loss can be achieved by the loss measurement experiments. 
Loss Measurement Device and Experimental Steps
Loss Measurement Device
The commonly-used power devices are discrete devices and power modules, shown in Figure 4a ,b. Figure 4c is a power electronic device structure including a DCB (direct copper bonding) substrate. In low-power applications, when the blocking voltage is between 600 V and 1200 V, discrete devices in the TO247 package, power modules, and IPMs (intelligent power modules) are commonly used. IPM refers to power semiconductor modules that integrate electronic circuits that provide additional functions such as drive circuitry and signal processing. For medium-power applications, standard modules dominate. However, in high-power applications, high-reliability IPM modules are more widely used. This loss measurement method is applicable to any discrete device and power module, either individually or collectively. Select the appropriate heat sink according to the size and power level of DUT, and perform calibration experiments, then the power loss can be achieved by the loss measurement experiments. In this measurement, we want to analyze the loss distribution of the six discrete devices in the TO247 packages in the ANPC topology, so it is necessary to obtain the losses of the individual switches separately. Therefore, the conventional integral heat sink cannot be used for heat dissipation in this measurement. By analyzing the board layout, discrete device dimensions, and power level for each switch, we designed six copper blocks of 2 cm × 3 cm × 5 cm and fixed them to the bottom of DUT. The measurement device schematic diagram is shown in Figure 5 . Common temperature acquisition devices include thermocouples, fiber optic sensors, and thermal imagers. Under normal conditions, thermocouples can achieve temperature measurements well. Fiber optic temperature sensors can achieve better test accuracy in special conditions and environments. The thermal imager is a good way to observe the temperature distribution. In [28] , by combining fiber optic sensors with thermal imagers, more specific test results could be obtained. In this experiment, because the position of the temperature points to be measured is not conducive to the placement of fiber optic sensor probes, nor is it suitable for thermal imager observation (temperature test points are coincident in any direction), the thermocouples are used for the temperature test. At the interface between the copper block and DUT, we fixed a thermocouple A. The thermocouple B was fixed at the bottom of the copper block. In this way, we can perform loss measurement by testing the temperature difference between Thermocouples A and B. In addition, since the loss of a single power device is small and the thermal energy converted into the copper block is small, the temperature change is not obvious, which may cause a large temperature test error. Therefore, we wrapped the copper block in a layer of insulation material to reduce the heat loss to the air. Silicone grease was applied between DUT and the copper block and was fixed by a high-temperature-resistant rubber band. 
Experimental Principles and Steps
This loss measurement includes two parts: calibration experiments and main experiments. The calibration experiment was to obtain the relationship between temperature to be measured and In this measurement, we want to analyze the loss distribution of the six discrete devices in the TO247 packages in the ANPC topology, so it is necessary to obtain the losses of the individual switches separately. Therefore, the conventional integral heat sink cannot be used for heat dissipation in this measurement. By analyzing the board layout, discrete device dimensions, and power level for each switch, we designed six copper blocks of 2 cm × 3 cm × 5 cm and fixed them to the bottom of DUT. The measurement device schematic diagram is shown in Figure 5 . Common temperature acquisition devices include thermocouples, fiber optic sensors, and thermal imagers. Under normal conditions, thermocouples can achieve temperature measurements well. Fiber optic temperature sensors can achieve better test accuracy in special conditions and environments. The thermal imager is a good way to observe the temperature distribution. In [28] , by combining fiber optic sensors with thermal imagers, more specific test results could be obtained. In this experiment, because the position of the temperature points to be measured is not conducive to the placement of fiber optic sensor probes, nor is it suitable for thermal imager observation (temperature test points are coincident in any direction), the thermocouples are used for the temperature test. At the interface between the copper block and DUT, we fixed a thermocouple A. The thermocouple B was fixed at the bottom of the copper block. In this way, we can perform loss measurement by testing the temperature difference between Thermocouples A and B. In addition, since the loss of a single power device is small and the thermal energy converted into the copper block is small, the temperature change is not obvious, which may cause a large temperature test error. Therefore, we wrapped the copper block in a layer of insulation material to reduce the heat loss to the air. Silicone grease was applied between DUT and the copper block and was fixed by a high-temperature-resistant rubber band. In this measurement, we want to analyze the loss distribution of the six discrete devices in the TO247 packages in the ANPC topology, so it is necessary to obtain the losses of the individual switches separately. Therefore, the conventional integral heat sink cannot be used for heat dissipation in this measurement. By analyzing the board layout, discrete device dimensions, and power level for each switch, we designed six copper blocks of 2 cm × 3 cm × 5 cm and fixed them to the bottom of DUT. The measurement device schematic diagram is shown in Figure 5 . Common temperature acquisition devices include thermocouples, fiber optic sensors, and thermal imagers. Under normal conditions, thermocouples can achieve temperature measurements well. Fiber optic temperature sensors can achieve better test accuracy in special conditions and environments. The thermal imager is a good way to observe the temperature distribution. In [28] , by combining fiber optic sensors with thermal imagers, more specific test results could be obtained. In this experiment, because the position of the temperature points to be measured is not conducive to the placement of fiber optic sensor probes, nor is it suitable for thermal imager observation (temperature test points are coincident in any direction), the thermocouples are used for the temperature test. At the interface between the copper block and DUT, we fixed a thermocouple A. The thermocouple B was fixed at the bottom of the copper block. In this way, we can perform loss measurement by testing the temperature difference between Thermocouples A and B. In addition, since the loss of a single power device is small and the thermal energy converted into the copper block is small, the temperature change is not obvious, which may cause a large temperature test error. Therefore, we wrapped the copper block in a layer of insulation material to reduce the heat loss to the air. Silicone grease was applied between DUT and the copper block and was fixed by a high-temperature-resistant rubber band. 
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This loss measurement includes two parts: calibration experiments and main experiments. The calibration experiment was to obtain the relationship between temperature to be measured and power loss. In this article, the temperature to be measured refers to the temperature difference ∆T between the two thermocouples fixed on the upper and lower surfaces of the copper block, shown as:
By inputting known power P thx (x = 1, 2, 3 . . . . . .) to DUT, the corresponding steady state temperature difference T dx (x = 1, 2, 3 . . . . . .) can be obtained. By repeating the above experiment at different powers, we can plot the relationship of P thx and T dx . It can be seen from Equation (3) that in the case where the measurement device is fixed (the thermal impedance value is constant), the relationship between steady state temperature difference T dx and P thx is linear, that is:
where k x (x = 1, 2, 3 . . . . . .) is the relationship coefficient. The ultimate goal of the calibration experiment was to get k x as accurate as possible. First, by simply estimating the power loss of DUT, the approximate power interval can be obtained. The given power P thx should be taken in this interval. Then, according to the on-state voltage given in the datasheet of DUT, the current output range I cx (x = 1, 2, 3 . . . . . .) of the DC source can be estimated. Give a constant conduction signal to the DUT, so that the given current I cx flows through it. Simultaneously measure the on-state voltage V cex (x = 1, 2, 3 . . . . . .) of DUT. The value of the given power is P thx = I cx · V cex . Simultaneously measure the temperature changes of the upper and lower surfaces of the copper block at a given power P thx . Finally, through data processing, the relationship between P thx and T dx can be obtained. Shown in Figure 6 is the calibration experiment wiring diagram: the constant current source current was directly introduced into the two ends of the DUT, and the multimeter measured its on-state voltage, while the temperature collection was to measure temperatures. The circuit under test was placed in a box to reduce the influence of the external environment on the temperature measuring device. 
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in the case where the measurement device is fixed (the thermal impedance value is constant), the relationship between steady state temperature difference dx T and thx P is linear, that is: . Simultaneously measure the temperature changes of the upper and lower surfaces of the copper block at a given power thx P . Finally, through data processing, the relationship between thx P and dx T can be obtained. Shown in Figure 6 is the calibration experiment wiring diagram: the constant current source current was directly introduced into the two ends of the DUT, and the multimeter measured its on-state voltage, while the temperature collection was to measure temperatures. The circuit under test was placed in a box to reduce the influence of the external environment on the temperature measuring device. Pay attention to the following two points during the calibration experiment. First, during the first calibration experiment, the test time should be slightly longer to determine when the temperature difference reaches steady state. It can be seen from Equation (2) that the time when the temperature difference reaches the steady state at different input powers is the same. In the subsequent experiments, the experimental time can be shortened based on the steady state time obtained in the first calibration experiment. In addition, the position of the thermocouple cannot be changed in the calibration experiment and main experiment. Otherwise, a change in the impedance value in Equation (2) will cause changes in the coefficient x k of the relationship of thx P and dx T . Pay attention to the following two points during the calibration experiment. First, during the first calibration experiment, the test time should be slightly longer to determine when the temperature difference reaches steady state. It can be seen from Equation (2) that the time when the temperature difference reaches the steady state at different input powers is the same. In the subsequent experiments, the experimental time can be shortened based on the steady state time obtained in the first calibration experiment. In addition, the position of the thermocouple cannot be changed in the calibration experiment and main experiment. Otherwise, a change in the impedance value in Equation (2) will cause changes in the coefficient k x of the relationship of P thx and T dx .
In the main experiment, the experiment platform worked normally, and the steady state temperature difference T d was tested. Corresponding to the calibration curve of P thx and T dx obtained before, the corresponding power P th can be obtained.
Experiment
The loss measurement was operated on a three-level ANPC topology experiment platform based on the SiC&Si hybrid module. This section begins with a brief introduction to the operation of the ANPC topology. Then, the steady state temperature difference versus power curves of each DUT was obtained through calibration experiments, and the comparison verification was carried out through the Foster model simulation. Then, the calorimetric loss measurement was carried out on the three-level ANPC topology experiment platform based on the SiC&Si hybrid module and compared with the results of the electrical power loss measurement; the correctness of the proposed method was proven. Finally, an error analysis was carried out to illustrate the accuracy of this method.
Operating Principle of the ANPC Topology
The loss measurement was carried out in a three-level ANPC topology experiment platform based on the SiC&Si hybrid module. The single-phase ANPC topology has six switching devices, as shown in Figure 7a . Since the active clamp power devices (T5 and T6) have the ability to flow in both directions, in addition to the P and N output states, the ANPC three-level inverter has four zero-state output modes OU1, OU2, OL1, and OL2. As shown in Table 2 . The ANPC topology has two traditional modulation strategies, which we call SPWM1 and SPWM2 [29] . In the SPWM2 modulation, in the positive half cycle of the modulation voltage, when the modulated wave is larger than the upper carrier, the bridge arm outputs the P state; when the modulated wave is smaller than the upper carrier, the bridge arm outputs the OL2 state. In the negative half cycle of the modulation voltage, when the modulated wave is larger than the download wave, the bridge arm outputs the OU2 state; when the modulated wave is smaller than the download wave, the bridge arm outputs the N state. The driving waveform of SPWM2 is shown in Figure 7b . It can be seen that in SPWM2 modulation, the high frequency switching signals are concentrated on T2 and T3. The remaining four switches are power frequency switches. Therefore, the switching losses on T2 and T3 are large, while the remaining four switches have no switching losses. Compared to conventional Si IGBTs, SiC MOSFETs can significantly reduce switching losses. Therefore, we used the SPWM2 modulation and replaced the Si IGBTs of the T2 and T3 with SiC MOSFETs to reduce the total loss. In the main experiment, the experiment platform worked normally, and the steady state temperature difference d T was tested. Corresponding to the calibration curve of thx P and dx T obtained before, the corresponding power th P can be obtained.
Experiment
The loss measurement was operated on a three-level ANPC topology experiment platform based on the SiC&Si hybrid module. This section begins with a brief introduction to the operation of the ANPC topology. Then, the steady state temperature difference versus power curves of each DUT was obtained through calibration experiments, and the comparison verification was carried out through the Foster model simulation. Then, the calorimetric loss measurement was carried out on the threelevel ANPC topology experiment platform based on the SiC&Si hybrid module and compared with the results of the electrical power loss measurement; the correctness of the proposed method was proven. Finally, an error analysis was carried out to illustrate the accuracy of this method.
Operating Principle of the ANPC Topology
The loss measurement was carried out in a three-level ANPC topology experiment platform based on the SiC&Si hybrid module. The single-phase ANPC topology has six switching devices, as shown in Figure 7a . Since the active clamp power devices (T5 and T6) have the ability to flow in both directions, in addition to the P and N output states, the ANPC three-level inverter has four zero-state output modes OU1, OU2, OL1, and OL2. As shown in Table 2 . The ANPC topology has two traditional modulation strategies, which we call SPWM1 and SPWM2 [29] . In the SPWM2 modulation, in the positive half cycle of the modulation voltage, when the modulated wave is larger than the upper carrier, the bridge arm outputs the P state; when the modulated wave is smaller than the upper carrier, the bridge arm outputs the OL2 state. In the negative half cycle of the modulation voltage, when the modulated wave is larger than the download wave, the bridge arm outputs the OU2 state; when the modulated wave is smaller than the download wave, the bridge arm outputs the N state. The driving waveform of SPWM2 is shown in Figure 7b . It can be seen that in SPWM2 modulation, the high frequency switching signals are concentrated on T2 and T3. The remaining four switches are power frequency switches. Therefore, the switching losses on T2 and T3 are large, while the remaining four switches have no switching losses. Compared to conventional Si IGBTs, SiC MOSFETs can significantly reduce switching losses. Therefore, we used the SPWM2 modulation and replaced the Si IGBTs of the T2 and T3 with SiC MOSFETs to reduce the total loss. T1  T2  T3  T4  T5 
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Calibration Experiment and Result Analysis
The calibration experiment was first performed. Since the upper and lower arms of the ANPC topology are symmetrical, the calibration experiments were performed on T1, T2, and T5. The T1 loss measurement device is specifically described as an example. In order to eliminate the influence of ambient temperature, the temperature values in Figure 8 were after subtracting the ambient temperature curves. When the input current of the constant current source was set to 0.5 A, the loss of T1 was too small, and the temperature change caused by the heat flow was not obvious. Due to the accuracy limitation of the temperature measuring device, the temperature test point fluctuated (as shown in Figure 8a ), which will cause errors in data processing. Therefore, the input power cannot be too small. When the input current was set to 6 A, the temperature change can be measured accurately, as shown in Figure 8b . It can be seen that the temperature difference can reach the steady state at 200 s, so we can reliably extract the steady state temperature difference between 200 s and 300 s. In addition, in this experiment, the heat of DUT flow into the copper block cannot be cooled well like a conventional heat sink (the copper block is wrapped with heat-insulating material), so the operating temperature of DUT should not be too high. When the input current was 6 A, the temperature of the interface between DUT and the copper block reached 70 • C in 300 s. For safety reasons, the maximum input current for the calibration experiment was set at 6 A. Level Status T1 T2 T3 T4 T5 T6 Output Voltage
The calibration experiment was first performed. Since the upper and lower arms of the ANPC topology are symmetrical, the calibration experiments were performed on T1, T2, and T5. The T1 loss measurement device is specifically described as an example. In order to eliminate the influence of ambient temperature, the temperature values in Figure 8 were after subtracting the ambient temperature curves. When the input current of the constant current source was set to 0.5 A, the loss of T1 was too small, and the temperature change caused by the heat flow was not obvious. Due to the accuracy limitation of the temperature measuring device, the temperature test point fluctuated (as shown in Figure 8a ), which will cause errors in data processing. Therefore, the input power cannot be too small. When the input current was set to 6 A, the temperature change can be measured accurately, as shown in Figure 8b . It can be seen that the temperature difference can reach the steady state at 200 s, so we can reliably extract the steady state temperature difference between 200 s and 300 s. In addition, in this experiment, the heat of DUT flow into the copper block cannot be cooled well like a conventional heat sink (the copper block is wrapped with heat-insulating material), so the operating temperature of DUT should not be too high. When the input current was 6 A, the temperature of the interface between DUT and the copper block reached 70 °C in 300 s. For safety reasons, the maximum input current for the calibration experiment was set at 6 A. In order to verify the accuracy of the thermal-circuit model (shown in Figure 1c ), the temperature measurement result curves at the input current of 6 A were taken to obtain the thermal-circuit model parameters. As for the size of the copper block used in this paper, the given current was large enough. Thus, one set of RC combinations was enough for the modeling of the block. Figure 1c is simplified as shown in Figure 9a . VT1 and VT3 are the locations where thermocouples were placed in the loss measurement set, and the temperature difference was VT1−VT3. Rth1&2, Cth1&2, Rth3, and Cth3 in Figure 9a are the parameters to be determined. When their values were 8.1, 5.5, 1.5, 250, respectively, the simulation results of VT1, VT3, and VT1−VT3 basically coincided with the actual measurement results, as shown in Figure 9b . The time constants of VT1, VT3, and VT1−VT3 were 375, 419.55, and 44.55, respectively. After the parameters were determined, the simulation relationship between the power of T1 and the steady state temperature can be obtained by giving different powers, as shown in Figure 10 . The solid point in Figure 10 is the actual experimental measurement result, and the experimental fitting curve is the relationship curve we actually used. It can be seen that the experimental fitting relationship curve was slightly different from the simulation curve, because in the actual measurement, the temperature difference between the upper and lower surfaces of the copper block will not be completely consistent due to the influence of the external heat source (such as an illumination lamp). Therefore, the parameter b T1 was used for calibration.
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Main Measurement
The ANPC topology was used in the experimental platform, where T2 and T3 were two SiC MOSFETs and the remaining four were Si IGBTs. The Si IGBT was Infineon's IKW40N120H3, and the SiC MOSFET was Cree's C2M0080120D. The experimental platform is shown in Figure 11 . The load resistor was a 20 Ω ripple resistor; the filter inductor was 0.9 mH. Since the high-frequency switching loss is concentrated on SiC MOSFETs and SiC MOSFET switching loss is small, the switching frequency can be set slightly higher. Furthermore, taking into account the output current harmonics and inductance values, the setting switching frequency cannot be too low; nor can it be too high, because the measurement device has limited heat dissipation capability. Therefore, the final setting was at 40 kHz. Experiments were carried out to measure the losses of T1, T2, and T5 when the DC bus voltage was 250~500 V. 
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In order to verify the correctness of the calorimetric loss measurement results, we also conducted an electrical measurement. The power analyzer NORMA5000 was used to measure the input and output power of the main circuit, and the two were subtracted to obtain the loss of the main circuit. The loss results of the two measurements were compared at 250 V-500 V, as shown in Table 4 . In addition to power device losses, the electrical measurement results included drive circuit losses, DC side voltage equalization capacitance losses, and so on. Therefore, the loss value obtained by the electrical measurement was slightly larger than the calorimetric measurement result, as shown in Figure 14 . The SiC MOSFET of the T2 (T3) suffered from all the high-frequency switching losses, and as the input voltage increased, the ratio of this loss increased. The remaining four of Si IGBTs were only subjected to on-state losses, and the tendency to increase was similar.
In order to verify the correctness of the calorimetric loss measurement results, we also conducted an electrical measurement. The power analyzer NORMA5000 was used to measure the input and output power of the main circuit, and the two were subtracted to obtain the loss of the main circuit. The loss results of the two measurements were compared at 250 V-500 V, as shown in Table 4 . In addition to power device losses, the electrical measurement results included drive circuit losses, DC side voltage equalization capacitance losses, and so on. Therefore, the loss value obtained by the electrical measurement was slightly larger than the calorimetric measurement result, as shown in Figure 14 . 
Error Analysis
When a fixed current I cx is set in the DC current source during the calibration experiment, the power dissipation P thx should also be constant. Therefore, in an ideal situation, when the same power P thx is given, the measured steady state temperature difference T dx should also be the same value, and k x is also a constant value. However, in the actual test, there was an error between the actually obtained power and the steady state temperature difference. The accuracy and reading error of the multimeter and the difference in the fixed position of the measuring terminal will cause the V cex error, that is the error of P thx . In order to reduce the error caused by the fixed position of the measuring terminal of the multimeter, the measuring terminal of the multimeter remained unchanged during the calibration experiment of the same DUT. We recorded this power error as ∆P thx . In the case where DUT is fixed, the temperature test error of T dx is due to the accuracy limitation of the temperature measurement device. The influence of the surrounding environment also has an impact. In order to reduce the impact of the surrounding environment, the circuit under test can be placed in a simple closed device. We recorded this temperature error as ∆T dx .
From
. Assume that k x represents the actual value and k x represents the calculated value. Then, there is:
where P thx and ∆P thx represent the measured dissipated power and the difference between that of the actual value P thx . T dx and ∆T dx represent the measured steady state temperature difference and the difference between that of the actual value T dx . Furthermore, because: P thx = k x · T dx , the error of k x is:
In theory, the more data tested, the closer their mean value is to the actual value. To determine the error in the calibration experiment, we measured 10 sets of data at input current of 5 A. The temperature difference curves are shown in Figure 15 . It can be seen that the temperature curves fluctuated at the same power. The given power was obtained by multiplying I cx and V cex , and voltage reading also had errors. The sum of these ten sets of data are shown in Table 5 . Figure 15 . Ten sets of temperature difference curves measured when the input current is 5 A. 
Therefore, the error of the loss measurement experiment used in this paper was less than 10%. The temperatures were obtained by thermocouples and the temperature acquisition card. Under normal conditions, the influence of humidity and noise was negligible. The temperature isolation device can also avoid the influence of other heat sources of the system to a certain extent.
Conclusions
This paper analyzes in detail the principle of the temperature sensor measurement method and the advantages and disadvantages of various derivative methods. An optimized method is proposed: shorter time consuming, simpler measurement setup, and lower cost. Compared with the traditional methods, this method requires only one-eighth of the measurement time. Furthermore, only two thermocouples were especially necessary in this measurement, so it was easy to be applied in engineering. The loss measurement and error analysis were carried out in a three-level ANPC topology experiment platform based on the SiC&Si hybrid module. The accuracy and feasibility of this method were proven through a commonly-used electrical measurement. Through error analysis, we found that this method's error was less than 10%. It was assumed that the mean value of the ten sets of data was the actual value. The actual value k can be obtained through k = P loss T di f f erence as 0.1257. Each set of T dx and P thx measurements T dx and P thx was taken the mean between 200 s and 300 s. The ten sets of calibration tests obtained by Equation (8) found that the error ∆k x of k x was between 1.02 · 10 −6 and 5.24 · 10 −5 . In the main experiment, only the steady temperature difference T dx needs to be measured. T dx is a mean value between 200 s and 300 s in data processing, and the standard deviation ∆T dx was between 0.000427 and 0.00321. From P loss + ∆P loss = k + ∆k · T di f f erence + ∆T di f f erence , then the error expression is shown as:
This paper analyzes in detail the principle of the temperature sensor measurement method and the advantages and disadvantages of various derivative methods. An optimized method is proposed: shorter time consuming, simpler measurement setup, and lower cost. Compared with the traditional methods, this method requires only one-eighth of the measurement time. Furthermore, only two thermocouples were especially necessary in this measurement, so it was easy to be applied in engineering. The loss measurement and error analysis were carried out in a three-level ANPC topology experiment platform based on the SiC&Si hybrid module. The accuracy and feasibility of this method were proven through a commonly-used electrical measurement. Through error analysis, we found that this method's error was less than 10%. Funding: This paper is supported by the National Natural Science Foundation of China, Grant Number 51607053.
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